A Basic Capacity Limit
argued that there is a basic working memory capacity of three separate items. Miller's (1956) estimate of about seven items was said to depend on the contribution of mnemonic processes that complement the basic capacity. Illustrations of this basic capacity in young adults included the number of items that could be repeated with 0% error and the number of items recalled without hesitation in a single burst from a large category in longterm memory. For example, individuals asked to recall all of the states within the United States do so in bursts of about three items (cf. Graesser & Mandler, 1978) . Cowan (2001) obtained a similar estimate of average young adult capacity of between three and five separate items, in a literature review of diverse procedures related to working memory. The effect of aging on this basic capacity in serial recall is unknown, although there is evidence of a decline in capacity with aging, as estimated in a visual array comparison task (Cowan, Naveh-Benjamin, Kilb, & Saults, 2006) , and evidence that visual array comparisons and verbal serial recall may depend, in part, on a common, core amodal capacity (Morey & Cowan, 2005) .
Chunking
A key factor that influences immediate recall is chunking. Miller (1956) showed that performance in such tasks depends on how stimuli are associated with one another to produce larger chunks. For example, if the letter series B-B-S-F-B-I-C-I-A is coded as three acronyms of well-known government agencies-BBS, FBI, and CIA-the load on working memory is reduced from nine separate letters to three multiletter chunks. Subsequent work confirmed that long-term associative knowledge is critically important in serial recall tasks (e.g., Ericsson, Chase, & Faloon, 1980; Hulme, Stuart, Brown, & Morin, 2003; Saint-Aubin & Poirier, 1999) . Cowan (2001) suggested that the estimate of Miller (1956) could result from the rapid, online grouping of about seven random items to form three or four multiitem chunks, which would fit within the basic capacity limit (Broadbent, 1975; Cowan, 2001) . The typical presentation of telephone numbers in groups of three and four digits may serve the purpose of facilitating that online grouping.
If older adults form weaker item-to-item associations than do young adults, that should leave the older adults less able to use these associations to form multi-item chunks in serial recall. Indeed, a binding deficit hypothesis has been suggested. Chalfonte and Johnson (1996) and Mitchell, Johnson, Raye, Mather, and D'Esposito (2000) showed that older adults are particularly deficient in memory that requires the binding of information to contextual elements. Extending this proposal, Naveh-Benjamin (2000) suggested an associative deficit hypothesis (ADH), which focuses on the distinction between memory for single units and memory for associations among units. The basic idea is that complex episodes comprise multiple types of information that are interrelated. Remembering such an episode requires that at least some of the components be retained, along with their relationships to each other. The ADH claims that a major factor leading to poorer episodic memory in older adults is their difficulty in creating and retrieving links between single units of information. Research with independent assessments of item and associative information has supported the ADH and has shown that an associative deficit exists in older adults for both inter-and intraitem relationships (e.g., Bastin & Van der Linden, 2005; Castel & Craik, 2003; Glisky, Rubin, & Davidson, 2001; Light, Patterson, Chung, & Healy, 2004; Naveh-Benjamin, Guez, Kilb, & Reedy, 2004; NavehBenjamin, Guez, & Shulman, 2004; Naveh-Benjamin, Hussain, Guez, & Bar-On, 2003 ). An associative deficit could result in a decrease in the likelihood that the individual would retrieve and use previously learned associations between items in serial recall. It also could result in a decrease in the likelihood that the individual would make use of opportunities for the formation of new associations between items in serial recall. We will examine both of these types of chunking.
The interitem associations that allow chunking are unlikely to be the sole basis of aging effects on immediate serial recall. The ordinary serial recall procedure does not include preexisting interitem associations, and there is evidence suggesting that the online formation of such associations is not a key factor in serial recall in young adults, for lists presented in a regular, ungrouped fashion (Henson, Norris, Page, & Baddeley, 1996) . Unlike the usual serial recall procedures, though, in ordinary life one might expect presentations in which the online formation of interword associations is promoted. For example, traffic directions might include an ordered list of street names, each associated with a landmark (such as a nearby store) and a left versus right direction. In the present study, we presented lists of words in pairs, for two reasons. The first was to maximize the use of pretaught associations between items in a pair so that these could be examined, and the second was to assess the use of new associations formed at the time of list presentation. It was expected, on the basis of the literature, that older adults would be poorer than young adults in both of these bases of interitem associations.
Our procedure was designed to address the need to estimate the contributions of capacity and chunk formation despite serious obstacles in measuring them. One obstacle is that there is little agreement in the field on the question of whether chunks can be reliably observed and, if so, how they can be observed. (For some previous relevant work, see Anderson & Matessa, 1997; Johnson, 1978; Slak, 1970; Tulving & Patkau, 1962 .) The factors also may interact. For example, if larger chunks are formed, the potential memory load that the items impose is decreased.
The Present Empirical Approach
We extended to older adults a procedure (Cowan, Chen, & Rouder, 2004 ) that can be used to distinguish between capacity, chunk formation, and serial ordering. With young adults, Cowan et al. (2004) presented lists comprising pairs of items that had been taught at various levels of association. Each word had been presented four times in a training session, except for a control set of words that were not included in this phase of the experiment. Each word could be presented four times as a singleton (in the zero-pairing condition), three times as a singleton and once in a pair (in the one-pairing condition), twice as a singleton and twice in consistent pairs (in the two-pairing condition), or four times in consistent pairs (in the four-pairing condition). In an eight-item list, four pairs were presented, all of which were from the same pairing condition or from the control condition. It was found that serial recall increased as a function of the frequency of previous pairing between words. A mathematical model of chunking indicated that the average capacity of recall in chunks was the same in every pairing condition (constant at about 3.5 chunks; a bit lower in the control condition, in which not even the words had been presented in training). There were large differences between pairing conditions in recall, but these came from the fact that higher amounts of pairing resulted in the recall of more two-word chunks and fewer one-word chunks. The results of a cued recall procedure showed that the knowledge of item-to-item associations was longlasting, including both knowledge from the training session and some additional knowledge acquired during the list presentations.
Any differences between younger and older adults in the use of information about the pairing of items in a list could be due to several factors: differences in the encoding of the associations in training, differences in retrieving these associations, or differences in forming new associations during the list presentation. To help distinguish between these possibilities, we included two groups of young adults, one of which carried out a dual task during list presentation. The latter group had the same pair training as the other participants but should be less likely than the other young adults to notice long-term associations during presentation of the lists in the serial recall task or to form new associations during that presentation.
To the extent that aging deficits in serial recall itself occur as a function of reduced attentional resources in the old (e.g., Craik, 1983 Craik, , 1986 Rabinowitz, Craik, & Ackerman, 1982) , the divided-attention group of young adults should show a pattern of serial recall similar to that for older adults with full attention on the recall task. However, effects on serial recall that stem from age differences in paired training should not be seen in the divided-attention group. The divided-attention group could be deficient in either retrieving associations or forming new ones during list presentation when attention was divided. Any deficit they showed in the use of previously learned associations could reasonably be attributed only to a failure to notice these associations during list presentation. A comparison of the three groups thus may provide valuable evidence about the sources of aging effects.
We were unable to find a mathematical model of performance (cf. Cowan et al., 2004 ) that could be interpreted unambiguously across our three experimental groups. Instead, we sought model-free estimates of chunk formation. To do so, we were inspired by previous work on free recall in which performance was examined in terms of the number of categories recalled and the number of items recalled within each category (Mandler & Pearlstone, 1966; Tulving & Pearlstone, 1966) . Both of these measures appeared to show capacity limits. In our application of these methods to the recall of ordered pairs of words, we distinguished between pair access and pair completion. Pair access was measured as the proportion of presented word pairs in which at least one item was recalled, whereas pair completion was measured as the conditional proportion of trials in which both items in a word pair were recalled, given that at least one item in the pair was recalled. Pair access theoretically can be influenced by capacity (i.e., the number of chunks recalled), whereas pair completion theoretically can be influenced both by capacity and by the frequency with which associations between items in a pair were formed, resulting in two-word chunks (i.e., the mean size of a chunk). What we are calling a chunk here can entail either a forward or a backward association between the items; pairs formed from lists tend to include both directions of association (Kahana & Caplan, 2002) .
To examine the effects of serial ordering, we examined the proportion of correct recall, proportion of pairs accessed, and proportion of pairs completed in two ways: using a free-scoring method in which an item is counted as correct no matter where in the list it is recalled, and using a strict-scoring method in which an item is counted as correct only if it is recalled in the correct serial position. The differences between response patterns with those two scoring methods would indicate the contribution of serialordering mechanisms.
The procedure also has the potential to yield important information about the interaction of factors. In particular, interword associations reduce the number of independent chunks that must be held in working memory. Theoretically, if a pair of items in a list is encoded as a single chunk, this chunking should free up one slot in working memory that can be used to encode other items in the list. We will be able to check this basic prediction on the basis of the notion of a capacity limit and to determine whether it is altered by aging and by attention at the time of list presentation.
Aging adults often produce serial position functions different from those produced by young adults (Maylor, Vousden, & Brown, 1999; Murphy, Craik, Li, & Schneider, 2000) . Given that evidence from serial position functions has been deemed critically important for an understanding of serial recall (for a review, see Farrell & Lewandowsky, 2004) , it will be examined here as well.
Last, after the serial recall procedure, cued recall was examined. Evidence of age differences in cued recall for pairings that had been encountered by the participants only in the previous serial recall procedure can be taken as an indication of age differences in the ability to form new long-term associations from those once-presented pairings. We also will be able to determine how much of a boost in long-term learning occurs in each age group as a result of prior exposure to the pairings within the training phase of the study.
Given that temporal and contextual memory declines with aging (e.g., McCormack, 1982; Naveh-Benjamin, 1990) , we considered it possible that a strict scoring of the serial order of responses would pick up age differences that might be overlooked using free scoring, in which credit is given for words recalled in any serial order. However, it will become clear that the results were rather consistent across both scoring methods.
METHOD

Participants
Of 90 participants, 60 were younger and 30 were older adults. Younger participants were undergraduates at the University of Missouri receiving course credit. Older participants were recruited from the Columbia, Missouri community. Half of the younger participants received a divided-attention task during the study phase of the list recall task. The mean ages of the three groups, in years, were as follows: younger/full-attention (11 males, 19 females), 18.36 (SD 0.61; range, (18) (19) (20) ; older/full-attention (8 males, 22 females), 71.26 (SD 6.19; range, ; and younger/divided-attention (12 males, 18 females), 18.9 (SD 0.95; range 18-21). The number of years of formal education was, for the younger/full-attention group, 13.48 (SD 1.58); for the older/full-attention group, 13.01 (SD 0.79); and for the younger/divided-attention group, 12.65 (SD 0.99). All the participants reported normal vision and hearing, and indicated being in good health.
Apparatus, Stimuli, and Procedure
The apparatus, stimuli, and procedure were the same as those in Cowan et al. (2004, Experiment 1) , except for the response mode, which in this study was writing (list recall) or speaking (cued recall) instead of typing, given the poor typing skills of some of the elderly participants. Words were visually presented on the computer to 1 participant at a time in a sound-attenuated room. The 198 words were selected from the MRC Psycholinguistic Database (Wilson, 1988) . All words were between three and four letters and between three and five phonemes in length. The Ku era-Francis word frequencies were higher than 12, and concreteness ratings were above 500. The words were assigned to three sets, each comprising 66 words. Different word sets were used for three trial blocks. For each participant, 40 words were randomly selected from each set.
Each participant was tested individually and performed all three trial blocks. Each block started with a training phase that was fol-lowed by five list recall trials and a delayed cued-recall task. The phases of the experiment are illustrated in Table 1 and will be explained further below.
Training phase. The manipulation used was the presentation method during the training phase. In this phase of the trial block, words were presented either singly or in pairs for 2 sec per presentation, to be pronounced aloud by the participant. The total number of single or paired presentations for each word was four, with all presentations randomized. Each word was assigned to the zero-, one-, two-, or four-pairing condition. This determined the number of times the words were presented in consistent pairs. Words in the fourpairing condition appeared only paired, whereas words in the oneand two-pairing conditions were paired only one and two times out of the four exposures, respectively. Words in the zero-pairing condition appeared only singly. The lag between consecutive appearances of the single words or word pairs varied from 1 to 40. In addition, there were words assigned to the no-study condition, which did not appear in the training phase but were used in the serial recall phase. When presented in a pair, words were paired in the same way, including the same order, throughout the experiment.
List recall phase. During the list recall phase of each trial block, which followed the training phase, five lists were presented, each for immediate serial recall. Each list comprised eight words (four pairs) drawn from the same training condition. The order of the lists and of the pairs within lists was randomized, but the same pairings as those used in the training phase were kept. Each trial started once the participant pressed a designated key. After a 1-sec delay, the four pairs were presented one at a time for 2 sec each. The recall test started after the last pair had disappeared from the screen. The participant wrote down as many of the eight presented words as he or she could remember in their order of appearance on a designated response page, which included a matrix with four two-line rows. The participants were told to recall the words in order and to leave a space if they did not remember a given word. The experimenter later keyed the participants' responses into the computer.
The young participants in the divided-attention group performed a secondary task during the presentation of the word pairs in this phase. This secondary task was a continuous three-choice reaction time task that involved a sequential presentation of auditory tones by the computer, one at a time, and a manual response on a computer keyboard to each tone. One of three tones (with fundamental frequencies of 100, 800, or 1000 Hz) was presented for 300 msec at random, and the participants' task was to press a predesignated corresponding key on the keyboard. A response caused the immediate presentation of one of the other two tones at random. The participants in the divided-attention group were told to pay equal attention to memorizing the words and performing the secondary digit task.
Cued-recall phase. During the cued recall phase of each trial block, the leftmost word in a pair appeared on the screen, and the participant was to recall orally the word that had appeared with it during the serial recall phase (and, for all but the no-study and zeropairing conditions, during the training phase also).
RESULTS
The pattern of results for the three trial blocks was similar in all three groups, so, in the analyses to be reported, the data have been collapsed across blocks for simplicity. Reporting of results for the two test procedures, list and cued recall, will appear in turn.
List Recall
The results will be presented here for the overall proportion correct and then for the theoretically derived measures, pair access and pair completion. In each case, both the free-scoring and the strict serial order scoring results will be discussed for the sake of comparison. These are followed by theoretical analyses of serial ordering and of the mean number and size of chunks recalled. For the strict serial scoring method, a correct response was counted if a given word was reported as being in exactly the same position in which it had been presented during the study phase of the list. For the free-scoring method, a correct response was counted if a word from the study list was reported in the recall phase, regardless of its recall position.
Proportion correct. An ANOVA of the proportion correct in serial recall, using a strict serial order scoring, included all three participant groups and withinparticipants factors of condition (control and zero-, one-, two-, and four-pairing training) and serial position within the list (one to eight). Performance was highest in the Figure 2 ] interactions. The results show that the older adults were, in some ways similar to those in the younger/dividedattention group and in some ways different from them. Their overall levels of performance were quite similar and much lower than those for the younger/full-attention group. Also, Figure 2 shows that whereas the younger/fullattention participants benefited from word pair training throughout all the serial positions, the participants in the older/full-attention and younger/divided-attention groups benefited much in Serial Positions 1-6 but showed little or no benefit in the final two serial positions. However, both figures also show that the effect of dividing attention was to decrease the primacy effect (early serial position performance) and increase the recency effect (late serial position performance, relative to earlier positions) in comparison with the other two groups. The basis of these differences is not entirely clear and will be discussed later, although it should be emphasized that the divided-attention group could use full attention except during the list presentation phase of the trial, whereas any loss of processing ability due to aging presumably was not similarly restricted to the list presentation phase. Finally, note that the pattern for the control condition (which included words that had not appeared in the training phase) indicates that both the older adults and the younger/divided-attention group showed a lowered primacy and enhanced recency effect, relative to the younger/full-attention group.
The mean proportions correct, using free scoring, were .64 for the younger/full-attention condition, .46 for the older/full-attention condition, and .47 for the younger/ divided-attention condition (SEM .02 in each case). The statistical pattern of results was the same as that for strict serial order scoring, except that the three-way group condition serial position interaction did not approach significance ( p .11).
Pair access. Access to a pair of words within a list was judged to have occurred if either or both of the words in the presented pair were recalled. An ANOVA included all groups and included the training condition within participants. Results of the analysis using strict serial order scoring are illustrated in Figure 3 . The analysis produced a main effect of condition [F(4,348) 23.45, MS e 0.02, p .01]. The proportion of pairs accessed increased steadily across the control (.37), zero-pairing (.40), one-pairing (.46), two-pairing (.50), and four-pairing (.52) conditions. Post hoc Newman-Keuls tests indicated that both the control and the zero-pairing conditions differed from the remaining three conditions and that the one-pairing and four-pairing conditions also differed from one another. These findings are theoretically important inasmuch as the paired training pertained to the association between items within a pair, not associations between pairs. The only way that access to pairs could be affected by paired training is if the formation of two-item chunks relieved the participant from recalling those two items separately and, therefore, freed up capacity, allowing access to additional pairs that otherwise would have been forgotten.
There was a main effect of group [F(2,87) 21.07, MS e 0.10, p .01]. The proportion of pair access was .59 in the younger/full-attention group, as compared with .39 in the older/full-attention group and .38 in the younger/ divided-attention group (SEM .03 in each case). Apparently, it is possible to simulate the effect of aging on the access to pairs by dividing attention during list presentation. However, there was no hint of a group condition interaction ( p .48). The access to pairs depended on the participant characteristics to the same extent for all the training conditions.
An ANOVA with pair access, using free scoring, yielded the same statistical effects as the ANOVA strict scoring. There was again a main effect of condition [F(4,348) 42.83, MS e 0.01, p .01]. Across pairing conditions (control and zero-to four-pairing), the proportion of pairs accessed was .50, .57, .65, .67, and .70, respectively. Newman-Keuls tests showed that all the conditions differed from one another, except for the two-and fourpairing conditions. Again, this strengthens the notion that original pair learning freed up capacity. There was again a main effect of group [F(2,87) 23.53, MS e 0.07, p .01]. Access to the pairs was highest in the younger/ full-attention group (M .74) and much lower in the other two groups (older/full-attention, M .55; younger/ divided-attention, M .56; SEM .02 in each case). Finally, there was again no indication of a group condition interaction ( p .59). In order to understand these results fully, they have to be examined in the context of pair completion.
Pair completion. Pair completion was measured as the conditional proportion of pairs for which both items were recalled, given that at least one of the two items in a pair was recalled (i.e., given successful pair access). Figure 4 shows the results, using strict serial order scoring. The participants who did not access at least one pair in every training condition did not have a complete data set and had to be omitted from this analysis, which included n 29 for the young/full-attention group and n 27 for each of the other two groups (out of 30). There was a strong effect of condition [F(4,320) 23.17, MS e 0.06, p .01]. For the control and zero-through four-pairing conditions, the proportions were .54, .61, .76, .79, and .84, respectively. Newman-Keuls tests showed that the control and zero-pairing conditions differed from all of the other conditions but that no other conditions differed. Thus, it took only a single exposure to a pairing in the training condition for a large benefit of pairing to occur, as measured in this manner. There was only a marginal effect of group [F(2,80) 2.65, MS e 0.08, p .08].
Given that most of the missing data points were in the nonstudied word control condition, another analysis was conducted using only the zero-through four-pairing conditions. There were still missing cells for 1 participant in the young/full-attention condition and 2 in the young/divided- Once more, an analysis based on free scoring yielded similar effects. In this analysis, it was possible to include n 30 in the younger/full-attention condition, n 29 in the older/full-attention condition, and n 30 in the younger/divided-attention condition. This analysis again yielded a main effect of training condition [F(4,344) 37.33, MS e 0.04, p .01]. For the control and zerothrough four-pairing conditions, the proportions were .52, .59, .72, .75, and .83, respectively. Newman-Keuls tests showed that all the proportions differed from one another, except for those for the one-and two-pairing conditions. Once more, there was a marginal effect of group [F(2,86) 2.58, MS e 0.08, p .08]. An analysis using only the zero-through four-pairing conditions included a complete data set and showed a significant effect of group [F(2,87) Serial ordering. Throughout our analyses, the observed performance levels were diminished when the participants were made responsible for the exact serial order of responses. Yet similar statistical effects related to aging emerged from both strict serial order and free scoring of the results. This similarity seems to suggest that although older adults have trouble forming interitem associations (Naveh-Benjamin, 2000), serial ordering in immediate recall falls in a different domain of skills and is not selectively impaired with aging. This finding warrants further basic research on how serial ordering in immediate recall differs from associative learning.
Capacity and chunk size analyses. A primary research question is whether the capacity of working memory changes with age and whether any change with age can be simulated by dividing attention at the time of the list presentation. Any estimate of capacity depends on some tentative assumptions. Suppose that paired associations acquired before the list recall task are useful for decreasing the working memory load imposed by the list, whereas paired associations formed at the time of list recall do not reduce the memory load. This supposition seems sensible because any pair learning that occurs online during the list presentation must require working memory capacity. One can then estimate the benefit from pair learning in the zero-, one-, two-, and four-pairing conditions as the pair completion score in each of those conditions minus the pair completion score in the zero-pairing condition. If A i is the proportion of pair access in the i-pairing condition and C i is the conditional proportion of pair completion in that condition given pair access, the estimate of working memory capacity in chunks in that condition (K i ) is
The rationale for Equation 1 is that, of the four pairs in a list, each of the pairs for which only a singleton was recalled [4 * A i * (1 C i )] counts as a single chunk; each of the pairs for which both items were recalled as a result of paired-associate training [4 * A i * (C i C 0 )] also counts as a single chunk; and each of the pairs for which both items were recalled, but not as a result of pairedassociate training (4 * A i * C 0 ) counts as two chunks and is multiplied by 2 in Equation 1.
An alternative analysis relies on the assumption that pairs recalled in the zero-pairing condition are, in fact, two-word chunks that have formed online, conserving capacity in the process. The corresponding alternative formula in this case replaces Equation 1's (2 * A i * C 0 ) with (A i * C 0 ), and the resulting equation simplifies to
On the basis of either formula, it is possible to obtain an estimate of the average size of the chunk in Condition i, S i , expressed in items per chunk: where N i is the mean number of items correct. The estimate depends on which capacity formula is used and also on whether free or serial scoring of recall is used. In all likelihood, the truth lies somewhere between the assumptions embodied in Equations 1 and 2 New chunks may be formed sometimes, whereas two items from a pair may be recalled as separate chunks sometimes. However, the mathematical model of Cowan et al. (2004) suggests that new chunks usually do form. We will see also that the data from the present study looks more orderly with that assumption (i.e., Equation 2).
The estimates according to various assumptions, collapsed across the zero-through four-pairing conditions, are shown in Table 2 . According to all analyses, there was a difference between groups in capacity: with the assumption of no new chunks (Equation 1), F(2,87) 18.04 with strict scoring and 19.79 with free scoring (MS e 6.15 and 4.77, respectively; p .01 in both cases), and with the assumption of new chunks (Equation 2), F(2,87) 19.21 with strict scoring and 23.09 with free scoring (MS e 1.49 and 0.95, respectively; p .01 in both cases). In all cases, Newman-Keuls analyses indicated that the younger/fullattention group had a higher capacity than did the other two groups, which did not differ from one another. In no case did the interaction of group with pairing condition approach significance.
The finding of group differences in chunk size was dependent on the assumptions, however. With the assumption of no new chunks (Equation 1), using free scoring, the group effect was marginally significant [F(2,87) 2.86, MS e 0.15, p .06]. With strict scoring, the effect did reach significance [F(2,87) 3.13, MS e 0.19, p .05]. However, in both cases, Newman-Keuls tests indicate that the younger/divided-attention condition produced larger chunk sizes than did the younger/full-attention condition (see Table 2 ), with the older group intermediate. There is no theoretical reason to believe that dividing attention should increase chunks size, and therefore, these results cast further doubt on the validity of Equation 1 (cf. Cowan et al., 2004) , which determines what gets counted as a single chunk.
The finding was more reasonable under the assumption that new chunks can form online (Equation 2; cf. Cowan et al., 2004) . With free scoring of the results, this produced a main effect of group [F(2,87) 3.16, MS e 0.10, p .05]. Newman-Keuls tests indicated that the chunk size of the older adults was significantly below that of those in the younger/full-attention group. There also was an effect of the pairing condition, with increasing chunk size across conditions [for zero-through four-pairing trials, M 1.58, 1.72, 1.75, and 1.82 items/chunk, respectively; F(3,261) 21.69, MS e 0.04, p .01]. Newman-Keuls analyses indicated that all pairs of conditions differed significantly, except the one-and two-pairing conditions.
With the strict scoring of results, again there was a main effect of group [F(2,87) 3.43, MS e 0.12, p .05]. As with free scoring, a Newman-Keuls analysis indicated that the chunk size of the older adults was significantly below that of the younger/full-attention group. Again there was an effect of pairing condition, with increasing chunk size across conditions [for zero-through fourpairing trials, M 1.61, 1.79, 1.79, and 1.83 items/ chunk, respectively; F(3,261) 15.90, MS e 0.06, p .01]. Newman-Keuls analyses indicated that the zeropairing condition produced a significantly smaller chunk size than did any of the other conditions, which did not differ.
What distinguished the last analysis from the others was a group pairing condition interaction [F(6,261) 2.27, MS e 0.06, p .05]. To investigate this interaction, separate ANOVAs were carried out for each pairing condition, and it was found that the group effect was significant only in the two-pairing condition [F(2,87) 6.53, MS e 0.06, p .01]. Newman-Keuls tests showed that the chunk size was smaller in the older adults (M 1.66 items/chunk) than in either of the other two groups, which did not differ (younger/full-attention, M 1.87; younger/ divided-attention, M 1.85). This result is entirely parallel to that for pair completion shown in Figure 4 and probably results from the same aspects of the data.
In sum, the conclusion that chunk capacity is lower in older adults than in younger adults under full attention is firm, regardless of the assumptions about whether online chunks are formed, and it also seems clear that the effect of aging on chunk capacity is well simulated by dividing attention at the time of list presentation in young adults. The same pattern of results was obtained for both strict serial scoring of the data and free scoring. The conclusions about average chunk size (the use of information from paired associations) are more situation dependent. The assumption that no chunks were formed online in the zero-pairing condition led to the nonsensical result that dividing attention raised chunk size, as compared with full attention. With the assumption that new chunks could form online, the finding was that aging reduces chunk size. The mean chunk size in younger adults with divided attention was intermediate and was not significantly different from that in the other two groups in most instances.
Cued Recall
The cued recall results are shown in Figure 5 . One can see a dramatic increase in cued recall across training conditions. An analysis with group and condition as factors produced a main effect of condition [F(4,348) 245.87, MS e 0.02, p .01]. Across the control and zero-through four-pairing conditions, the mean proportions correct were .11, .11, .37, .50, and .61, respectively (SEM .01, .01, .02, .03, and .02). Newman-Keuls tests indicated that all the values were different from one another, except the control and zero-pairing values.
As Figure 5 also shows, there were important group differences. These resulted in a main effect of group [F(2,87) 5.36, MS e 0.10, p .01], as well as a group condition interaction [F(8,348) 2.89, MS e 0.02, p .01]. The figure suggests a pattern in which, in the absence of paired training (control and zero-pairing conditions), the younger/full-attention group outperformed the other two groups. That is to be expected if the younger/full-attention group was able to pick up the pairing from the list presentation better than could the other two groups. With more paired presentations in training, however, the younger/divided-attention group (which had the same full-attention training session as the other groups) came to look more like the younger/fullattention group. This also is expected on the supposition that, with more pairings during training, the participant becomes less reliant on pairings that occurred during list recall to assist performance in the subsequent cued recall task. Consequently, older adults fell behind the other groups by the twopairing condition.
These suggestions, based on Figure 5 , were statistically supported by simple-effect one-way ANOVAs on individual conditions. The effect of group was significant in all the conditions [control, F(2,87) However, Newman-Keuls tests indicated that the basis of this effect changed across conditions. In both the control and the zero-pairing conditions, the younger/full-attention group differed from both of the other groups. In the onepairing condition, however, only the younger and the older/full-attention groups differed from one another, with the younger/divided-attention group intermediate. In the two-pairing condition, it was the older adults who differed from the other two groups, which did not differ from one another. Similarly, in the four-pairing condition, only the younger/divided-attention and the older/full-attention groups differed from one another.
Last, the cued recall results can be used to assess more closely whether capacity changes with age. The conclusion that chunk capacity is smaller in older adults might be brought into question if their recall of fewer pairs was somehow an indirect consequence of having less information about associations between words in a pair (as the ADH predicted). Although we do not have a direct measure of learning during the training phase, we compared the performance of the 23 older adults who had the highest cued recall scores with that of the 23 younger adults who had the lowest such scores. Cued recall was exactly matched between these groups (M .34 in both cases). The results in this subsample indicate that all of the effects of pair access (a measure of chunk capacity) remain. In contrast, the statistical effects of pair completion are wiped out by this matching. This makes sense, since cued recall and pair completion should reflect similar knowledge base related to the amount of training. This analysis strongly suggests that the older adults' lower chunk capacity was not due to poorer training. 
DISCUSSION
The present study provides some important clues toward understanding the effects of aging on capacity limits in serial recall, given multiple sources of influence, including associations between items based on their pairing in a training session and in the lists to be recalled. Key points in the results are as follows.
1. The level of performance was higher in the younger/ full-attention group than in the older/full-attention group or in a group of younger adults whose attention was divided during list presentation. This divided-attention manipulation provided a reasonably good analogue to the aging process.
2. In the young/full-attention group, the benefit of word pairings familiar from training occurred throughout all serial positions in list recall. In contrast, for the other two groups, the benefit was observed primarily for the first six of eight serial positions (Figure 2 ). Figure 2 also shows that, despite the absence of a difference between pairing conditions in the last few serial positions for older adults, these participants still showed better performance in the last few positions than in previous positions. The explanation for this could be that there are multiple sources of information contributing to performance (cf. Baddeley, 2001; Baddeley & Logie, 1999) . In particular, participants might maintain both abstract and phonological codes for words in a list, which are used in combination (Chen & Cowan, 2005) . Learned associations should improve the abstract code, but only if the associations can be retrieved from long-term memory and maintained in a capacity-limited store (i.e., kept in mind), in which case they can be used in short-term serial recall. If the abstract code was impaired for the last few items without similar impairment in the phonological code, then for those items, there might be little or no role for associative information from learned pairs.
Theoretically, the aforementioned deficit in older adults (absence of training effects at the end of the list) could occur because of deficits in the use of associative information either during the presentation of the list or during the recall period. The use of associative information during presentation of the list would help to maintain a learned pair in working memory in its entirety, whereas the use of that information during the recall period would help to restore a word from long-term memory, given retention of the other pair member in working memory. One can find potential reasons for an aging deficit in the use of associative information during presentation of the list (from a lowered capacity limit, along with the increasing memory load as the list progresses) or during recall (from a vulnerability to output interference, which increases as recall of the list progresses; see Cowan, Saults, Elliott, & Moreno, 2002) .
Results from dividing attention in young adults can help to address the basis of the aging deficit. The younger/ divided-attention participants, like the older adults, failed to use associative information for the last pair only. Given that the divided-attention manipulation occurred only during list presentation, the deficit in both the aging and the younger/divided-attention groups in the use of associative information at the end of the list can be attributed to some sort of encoding failure. An attention-demanding type of rehearsal might be needed to reinstate the grouping, from the associative knowledge, during list presentation. When that reinstatement failed to occur, the participants may not have used the grouping during recall. Although we know of no relevant data to support this interpretation of the aging deficit in list recall, subjective reports of young adults, but not second-grade children, suggest that they remember lists by grouping items together at the time of their presentation . Aging participants under a large memory load also may fail to use grouping information.
A remaining question is why an individual who had learned a word pair during training still might not use the pairing information within list recall, as we are suggesting for the last pair of items in the elderly and younger/ divided-attention participants. If the participants suspected that the pairing within the lists did not always match the pairing within training, they might have avoided using the pairing information, unless they were able to confirm it by attending to it during list presentation. That might not have occurred for the last pair in many lists. Alternatively, the demands of list recall might not have left enough attention to reinstate the last pair from long-term memory. In either case, performance was fairly good for that last pair in all the training conditions (probably because of available phonological information), so it might not make sense to rely on uncertain pairing information at that point in the recall of the list.
3. One difference between the younger/dividedattention and the older/full-attention groups is in the overall serial position curve (Figure 1 ). The two full-attention groups displayed serial position curves with large primacy and smaller recency effects, whereas dividing attention appeared to lower performance in the earlier part of the list more than it lowered performance in the latter part of the list. An explanation for this pattern of results is that attention was not divided during output. When a list ended, the participants in the younger/divided-attention group might have been able to turn attention to a lower level phonological or visual memory of the last few items and carry out the processing that they could not do during the list. Such retroactive processing may not be possible for items presented earlier in the list. This retroactive processing apparently does not include associative information and may involve simple phonological rehearsal of those items near the end of the list (Baddeley & Logie, 1999) .
4. The access to pairs within the list, judged as the recall of at least one member of a pair, increased markedly across training conditions in all the groups. The natural interpretation of this finding appears to be that strengthened paired associations allowed the participants to use less capacity to retrieve two items in a pair and freed up some of this capacity to allow access to more pairs.
5. The access to pairs within a list was far superior in younger/full-attention participants than in both of the other groups, which did not differ from one another in this regard. There is still a great deal that is not known about this effect. We cannot examine response latencies, given our use of handwritten responses, but they could carry important information. Inspection of serial positions curves for pair access and pair completion (which we have omitted from the results, for the sake of simplicity) showed that the large primacy effect in the older adults could be attributed mostly to pair access, and not to pair completion. Therefore, it is possible that the older adults delayed the recall of later pairs while trying to complete earlier pairs. In the young adults under full attention, in contrast, both pair access and pair completion were highest in the early list positions, suggesting that responding may have been faster. Investigation of response latencies should be a high priority for further research.
6. Notably, the group differences in pair access did not change across training conditions (see Figure 3) . If paired associate training related directly to pair access in serial recall, one would have expected that those individuals who were more completely trained (the young adults) would show larger benefits across training conditions in serial recall than would the less well trained individuals (the older adults), because they would have more learned pairs to apply. However, that does not appear to be the mechanism of pair access. Instead, it appears that the ability to attend to the list (younger/full-attention group) afforded a fixed advantage in pair access over the other two groups. Thus, in a comparison of the younger/dividedattention group, which presumably learned associations in training better than did the older/full-attention participants (given that attention was undivided during training), both of these groups showed the same amount of benefit of pair training on pair access in the lists (see Figure 3) . Perhaps the contribution of paired associate training to pair access occurs from retrieval of paired associations on an implicit level of memory at which the older adults are not impaired, relative to young adults. This account will be explained further below.
7. The probability of completing a pair, conditional upon access to it, was selectively impaired in older adults and in younger adults under divided attention. This is what one would expect if pair completion depends on prior paired associate learning, as could occur if this learning allows pairs of items to be combined into two-word chunks in serial recall.
8. For both pair access and pair completion, the same statistical effects emerged, no matter whether a strict serial order scoring or a free scoring was used. One explanation of this finding is that, across conditions, the items recalled in the correct serial position were a relatively fixed percentage of the items recalled anywhere in the list (control, 76%; zero-pairing, 73%; one-pairing, 75%; two-pairing, 78%; and four-pairing, 75%). This suggests that pair training and chunk capacity had little to do with the correct serial order of recall, which, instead, might depend primarily on phonological information (cf. Chen & Cowan, 2005) .
9. Finally, a theoretical analysis of chunk capacity and chunk size further supported the finding that most of the aging difference in serial recall could be modeled by dividing attention at the time of the list presentation and that the difference emerged primarily as a decrease in the number of chunks recalled and, secondarily, as a decrease in the chunk size. For the number of chunks recalled, the aging effect was clearly simulated by dividing attention in younger adults; for the chunk size, this was less clearly so.
The results seem consistent with those in Taub (1974) , which showed age-related differences in chunking, especially when the materials allowed the use of organizational schemes. Although Coyne (1988, 1989) and Allen and Crozier (1992) found no difference in chunk size across groups of younger and older adults, those results were obtained with lists with only three to six items, which is probably not taxing enough to elicit the use of maximum-sized chunks.
The present findings on aging effects in immediate serial recall are in line with previous findings on aging effects in long-term learning. Research supporting the ADH attributes older adults' deficient long-term episodic memory to their difficulty in creating and retrieving associations (Li, Naveh-Benjamin, & Lindenberger, 2005; Naveh-Benjamin, 2000; , Naveh-Benjamin, Guez, & Shulman, 2004 NavehBenjamin et al., 2003) . One might have expected this finding to generalize to the creation of interitem associations in serial recall, and the present results indicate this pattern. One interpretation of these results is that older adults' problems in encoding and retrieval of long-term associations, noted in the above-mentioned studies, start early in the processing stream, in short-term working memory activity, and extend to their ability to retrieve associations after longer periods of time (e.g., in the cued recall task in the present experiment).
One aspect of the data does not seem compatible with the evidence that older adults are deficient in encoding paired associations. In particular, we would have expected them to benefit to a lesser degree than did younger ones from the original paired-associate training in their performance in the serial recall and cued recall tasks. However, in neither serial recall nor cued recall did we find a pattern of results in which the benefit of paired training increased more across pairing conditions in younger adults than in older adults. All the groups appeared to have increased benefits across pairing conditions to a similar degree (see Figures 3-5) . One possible explanation for this result is that paired associations created during the training phase may have been partially used as implicit knowledge in our immediate serial recall and cued recall tasks. Older adults are not particularly deficient in implicit knowledge (Hay & Jacoby, 1999; Jennings & Jacoby, 1993 , 1997 Light, 2000; Yonelinas, 1997) , which also is relatively unimpaired in the case of divided attention (e.g., Jacoby, 1991) . Dividing attention and age may remove the use of explicit knowledge involved in the creation of associations, but not implicit use of previously learned associations.
Overall, older adults seem to have a problem in the explicit encoding and retrieval of new associations both in short-and in long-term memory. For example, the advantage of the young/full-attention participants over the older participants in serial recall for the zero-pairing condition, in which the first pairing occurred within the list, was 0.61 standard deviation units (using the N 30 data set with free scoring, which we deemed most appropriate). This is quite similar to the effect size for this condition in the subsequent cued recall test, which was 0.53 standard deviation units. However, the reliance on previously learned word-to-word associations on an implicit, rather than an explicit, level seems to be relatively intact, and this could explain why all three groups were able to benefit about equally from previously learned associations in immediate serial recall and in the cued recall tasks.
With respect to the effects of divided attention in younger adults, research suggests that dividing attention may impair some aspects of learning (such as elaboration and consolidation processes- Craik & Kester, 2000; Naveh-Benjamin, Craik, Gavrilescu, & Anderson, 2000) but does not selectively impair item-to-item associations (Naveh-Benjamin, 2002; Naveh-Benjamin, Guez, & Marom, 2003) and, therefore, does not adequately simulate the effects of aging on memory. However, the results of the present study show that the prevention of mnemonic strategies by dividing attention in young adults may provide a reasonable analogue to the effects of aging on immediate serial recall, as indicated by the similarity between the patterns of responses in the older/fullattention and the younger/divided-attention groups. To be sure, there were subtle differences between the exact patterns of responses across serial positions in these two groups, but they can be explained by the possibility that dividing attention during the list presentation left the participants free to recoup some of the losses by rehearsing or retrieving later items in the list after the trial's dividedattention task had ended, in the response phase, on the basis of a phonological or sensory memory stream. Furthermore, it is possible that the ability to retrieve previously learned associations by this group was enhanced by the implicit use of such associations; as was mentioned above, such an ability is not much compromised by divided attention. The difference between older adults and young ones under divided attention may show up when the explicit encoding of associations is required, as has been shown in previous research (e.g., Naveh-Benjamin, 2000; .
In sum, we have shown that it is possible to learn more about age differences in serial recall by applying a perspective in which the focus is on the process of chunking highlighted in the seminal work of Miller (1956) and by considering the process of chunking in comparison with the process of interitem associations known to be deficient in older adults (e.g., Castel & Craik, 2003; Chalfonte & Johnson, 1996; Naveh-Benjamin, 2000) . The results suggest that these processes might be partially mediated by the same binding mechanisms in which older adults are deficient. Interestingly, the present study showed that the ability to create item-temporal-context associations might be based on a different mechanism, since age effects in serial recall were comparable using strict serial scoring and free-scoring methods. Although studies of short-term recognition of lists have shown that older adults are deficient specifically in serial order information (Hartman & Warren, 2005) , the implications for our study are unclear. In our task of serial recall of lists comprising only four word pairs, the serial order information may be strongly linked to item information, so that the loss of order information typically is accompanied by omission of the item.
We also have provided further evidence for a capacity limit of about three independent chunks of information in young adults (Cowan, 2001) , including a visual array comparison procedure (Luck & Vogel, 1997 ) that has been tied to specific posterior brain loci producing activity closely related to individual differences in storage capacity (Todd & Marois, 2004; Vogel & Machizawa, 2004 ). This capacity limit seems smaller in older adults.
To explain capacity limits in both age groups, neural modelers have pointed to the possibility that the representations of features bound together to form a chunk of information could be confused with those forming another chunk, if the features of the two chunks were activated too close together in time (e.g., Luck & Vogel, 1998; Usher, Haarmann, Cohen, & Horn, 2001 ). The present finding of relatively constant capacity for multiword bindings, as opposed to intraobject feature bindings, may lead to an important extension of this type of model. The finding of separable age differences in capacity, expressed in chunks, and in chunk formation places important constraints on cognitive and developmental theories.
